We propose and experimentally demonstrate low-power and broadband variable optical attenuators (VOAs) on the silicon photonics platform. The VOAs are based on a Mach-Zehnder interferometer structure. Different variations were fabricated using electron beam lithography using different input and output couplers, heater length and width, operating wavelength, and substrate undercut. Experimental results for the C-band VOA show that, including the substrate undercut, a 3X improvement can be achieved in the power consumption, at the expense of a reduction in electrical bandwidth, where 5-and 20-dB attenuation can be achieved using only 5.5 and 8 mW. Moreover, the VOA can operate over more than 80-nm optical bandwidth with ripples below 1 dB. Furthermore, we study the impact of the heater dimensions on the optical attenuation and VOA bandwidth. Finally, we present similar results for an O-band VOA design.
Introduction
The silicon photonics (SiP) platform has emerged as a competitive platform for different applications. The SiP platform has the potential to build compact, high yield, high performance, and low cost complementary metal oxide semiconductor (CMOS) compatible devices [1] . In the last few years, different SiP designs have been demonstrated ranging from device level demonstrations, e.g., beam splitters [2] , [3] , polarization beam splitters (PBSs) [4] , [5] , traveling wave Mach-Zehnder modulators (TWMZMs) [6] , [7] , to system level demonstrations, e.g., 100 Gb/s and 400 Gb/s transceivers [8] , [9] , and coherent transceivers [10] , [11] .
Variable optical attenuators (VOAs) are widely used in optical networks. A VOA is used in the line cards for amplitude control of different WDM channels in optical add-drop multiplexers (OADMs) and Erbium doped fiber amplifiers (EDFAs). In such designs, VOAs based on SiP, silica or microelectromechanical systems (MEMS) are chosen since they can provide superior performance in terms of polarization dependent loss and speed [12] , [13] . Moreover, a VOA is an essential component in integrated coherent receivers (ICRs) to control the received signal power to enable a larger dynamic range for colorless reception. Hence, a VOA based on the same material platform of the ICR is preferred. For the indium phosphide (InP) platform, VOAs can be realized by using a Mach-Zehnder interferometer (MZI) structure or a semiconductor optical amplifier driven below transparency [14] . In [15] , a MZI based VOA in the InP platform is reported where it can achieve a maximum attenuation of 25 dB at 50 mW power consumption. Moreover, silica-based planar lightwave circuit (PLC) is used for the VOA design based on a MZI structure and the thermo-optic effect. However, the design suffers from high power consumption and introduce packaging challenges with the rest of the ICR [16] . The SiP platform has been accepted as a competitive platform for ICRs due to the significant cost reduction compared to the InP platfrom while achieving comparable performance [10] . SiP based VOAs that are commonly used in ICRs are based on carrier injection p-i-n junction which introduces the attenuation in the signal by injecting carriers [17] . As the injected current increases, the carriers injected to the VOA absorb the guided light. Such designs require relatively high power consumption and insertion losses (ILs) to achieve the attenuation function. For example, more than 30 mW are required to achieve 20 dB attenuation in [17] . Moreover, more than 1.5 dB IL and 60 mW power consumption are needed to achieve 20 dB attenuation in [12] . In [18] , a SiP VOA based on a reflective MZI structure is proposed. The design suffer from critical drawbacks such as limited optical bandwidth and reflected power returns on the input signal path which makes such design not suitable for practical applications.
In this paper, we present SiP based VOA designs based on a MZI structure and the thermo-optic effect. We present designs targeting both the C-band and O-band operating wavelength ranges aiming at ICRs and stokes vector receivers (SVRs) [19] , [20] . Different variations are designed including different splitter designs, heater dimensions, subtrate-undercut, and operating bands. Results reveal that a power consumption of only 5.5 mW and 8 mW is needed to achieve 5 dB and 20 dB attenuation, respectively, for the C-band VOA including the substrate undercut. This represents more than 3X improvement in the power consumption without including the substrate undercut. Moreover, the reported designs covers more than 80 nm optical bandwidth including the entire C-band. Furthermore, we study the effect of the heater dimensions on the attenuation and bandwidth. We show that increasing the heater length has no effect on the power consumption and bandwidth. On the other hand, the heater width has to be optimized to decrease the power consumption. Finally, similar results are reported for a VOA operating in the O-band where approximately 7.5 mW is needed to achieve 20 dB attenuation at 1310 nm wavelength.
Design and Simulation Results
The design of the reported VOA is based on a simple MZI cell with 3-dB couplers at the input and output ports, and thermal phase shifters are added to the MZI arms as shown in Fig. 1(a) . We add metal heaters on both arms to balance the optical lofrom the metal layer absorption and the VOA is controlled using only one heater. The operating band and optical bandwidth is mainly determined by the 3-dB coupler operating spectral range. Hence, we designed several splitters: 1 × 2 MMI, 2 × 2 MMI, and Y-branch. Figure 1 (b) presents the simulated transmission versus wavelength for different splitter designs. As expected, all designs have a close bandwidth and IL and can be used for the VOA design.
The VOAs are built using electron beam (EBeam) lithography at applied nanotools (ANT). The VOAs were fabricated on a 675 μm handle silicon-on-insulator (SOI) wafer with 220 nm top silicon thickness, 2 μm buried oxide (BOX) layer, and oxide cladding using single etch EBeam. The heater layer uses a 200 nm thick titanium-tungsten alloy to implement the high-resistance metal heater [21] . The metal routing layer and bonding pads are made out of a titanium-tungsten/aluminum bilayer. Using a bilayer for the routing layer ensures good electrical contact between the routing layer and the heater layer with low contact resistance. Oxide cladding is then deposited on the chips and the probing pads are exposed using the oxide window layer. Moreover, we developed an undercut process to suspend the silicon waveguides to improve the power consumption of the VOAs [22] , [23] . Figure 2 shows an image of the fabricated VOA including the undercut. Due to mechanical stability, we could only suspend one waveguide in the current process, which presents a suboptimal design in terms of power consumption. Different variations of the VOAs are built including C-band and O-band designs, with and without susbtrate undercut, different 3-dB couplers, different heater lengths, and different heater widths.
Experimental Setup and Results
The experimental setup used for the VOA testing is shown in Fig. 3 . Two tunable lasers are used for the O-band and C-band testing. The output of the tunable laser is connected to the input grating coupler via a fiber array unit. The output of the VOA is connected to a power meter. Also, a grating coupler pair is added for alignment and losses calibration. A DC probe is used to provide the DC voltage from the DC supply for the VOA. For small-signal measurements, a signal generator is used to provide a 100 mVpp signal to drive the VOA. The received signal is received by a 10 GHz photo-detector followed by a signal oscilloscope. Figure 4 presents the transmission versus the applied voltage and power consumption at 1550 nm wavelength for a VOA with and without the substrate undercut. A 1 × 2 MMI is used as the 3-dB coupler for the shown results. The metal heater is 4 μm wide and 200 μm in length. The transmission results include losses from the grating coupler pair as well as the VOA. The fabricated designs were balanced in the layout, however, we see that the transmission is not at maximum at zero applied voltage due to fabrication imperfections. Hence, a bias voltage is needed to adjust the VOA at the maximum point. It can be observed that the required voltage to achieve a null decreases with the increase of the bias voltage. However, P π , the power needed to achieve a complete π phase shift or destructive interference, is constant at approximately 29.8 mW for the VOA design without the undercut. Adding the substrate undercut improves the P π significantly where it decreases to approximately 9 mW. Such improvement comes at the expense of decreased bandwidth as shown in Fig. 5 due to the decreased thermal conductivity between the heater and its heat sink, i.e., the substrate underneath [24] .
In Fig. 5(a) , we present the achievable attenuation versus the power consumption assuming the VOA is biased at maximum. The VOA without substrate undercut consumes approximately 18 mW and 27 mW to achieve 5 dB and 20 dB attenuation, respectively. Including the substrate undercut, the power consumption to achieve 5 dB and 20 dB attenuation is improved to be 5.5 mW and 8 mW, respectively. This represents more than 3X improvement in the power consumption. Compared to commercial SiP VOAs, this is more than 10X improvement in the power consumption at 20 dB attenuation [12] . Moreover, this represents more than 3.5X improvement compared to existing designs based on p-i-n junction in the literature [17] . The measured bandwidth of the VOA is shown in Fig. 5(b) . The VOA with a 200 μm length phase shifter has a 3-dB bandwidth of approximately 30 KHz which decreases to approximately 6 KHz when the substrate undercut is added. Hence, a trade-off exists between the efficiency and the bandwidth of the VOA. Figure 6 presents the transmission through the VOA versus wavelength including the entire C-band at different electrical power values. The grating coupler losses are calibrated out in the shown results. It can be observed that both VOA designs with and without the substrate undercut have a relatively flat attenuation with ripples below 1 dB, except for the bias at null, versus more than 100 nm which is governed by the MMI design.
Then, we change the dimensions of the heater phase shifter and study the VOA performance. In this study, the VOA design is based on Y-branches instead of the MMI design without the substrate undercut which results in different attenuation values. However, the same obervations hold in Figs. 7 and 8 . In Fig. 7 , we present the performance of the VOA versus the width of the metal heater. Intuitively, changing the metal heater width results in a change in its resistance as shown in Fig. 7(a) . The minimum heater width in the process used to build the VOAs was limited to 4 μm. Hence, we varied the heater width from 4 μm to 10 μm while the optimal heater width is around 1-2 μm according to the simulations in [24] . Increasing the width of the heater more than 4 μm results in higher power consumption to achieve the same value of attenuation as shown in Fig. 7(b) . This is attributed to the decreased efficiency of the thermo-optic effect on the heated arm, and increased thermal crosstalk between the MZI waveguides. Figure 8 presents the VOA results versus the heater length. Similarly, the resistance increases with the metal heater length increases. Increasing the metal heater length increases the device footprint, ILs, and voltage. However, the power consumption is not affected. This can be understood by the cancellation of the required temperature change and the heated area versus the heater length on the power consumption calculation [24] . Hence, the VOA heater should be designed as small as possible, however, the crosstalk between the MZI arms will increase at shorter arm lengths due to the increase in the required temperature change. In addition, we present the bandwidth of the VOA versus the metal heater dimensions in Fig. 9 . Increasing the heater width results in a slight reduction in the achievable bandwidth of the VOA. On the other hand, changing the heater length has no effect on the heater bandwidth.
Finally, we present similar results for an O-band VOA where the differences versus the C-band design are changing the 3-dB coupler to an O-band 2 × 2 MMI and the waveguide width is reduced to 400 nm. Figure 10 presents the VOA bandwidth, attenuation versus power consumption, and transmission versus wavelength. More than 20 dB attenuation can be achieved using approximately 7.5 mW using a VOA with a substrate undercut. The transmission versus wavelength shows some ripples in the response which can be attributed to the used subwavelength grating couplers which have less fabrication tolerance compared to the C-band counter parts due to a smaller feature size [25] . Also, the 2 × 2 MMI has a smaller optical bandwidth compared to the 1 × 2 MMI.
Conclusion
We experimentally demonstrate low power VOA based on a MZI switch cell. Several variations are designed including different splitters, different heater length and width, with and without substrate undercut, and operating wavelength. Experimental results show that the C-band VOA without substrate undercut consumes approximately 18 mW and 27 mW to achieve 5 dB and 20 dB attenuation, respectively. Including the substrate undercut, the power consumption to achieve 5 dB and 20 dB attenuation is improved to be 5.5 mW and 8 mW, respectively. This represents more than 3X improvement in the power consumption. On the other hand, the 3 dB bandwidth of the VOA is approximately 30 KHz and 6 KHz with and without the substrate undercut. Moreover, the VOA operates over 100 nm bandwidth including the entire C-band. Furthermore, we study the effect of the heater dimensions on the attenuation and bandwidth. We conclude that the heater width has to be optimized to achieve the best power consumption and bandwidth. On the other hand, the heater length has no effect on the power consumption and the bandwidth. Finally, we present similar results for an O-band VOA design where 20 dB attenuation can be achieved using approximately 7.5 mW power consumption.
